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Abstract
Based on extracellular field recordings and stimulations at the Schaeffer collateral-CA1
synapse, the synaptic tagging and capture (STC) model has hypothesized that at synapses
that express any form of LTP and LTD (long-term potentiation and depression,
respectively) are tagged in a protein synthesis-independent manner, the induction of L-
LTP/L-LTD leads to protein synthesis, and all tagged synapses can use the resulting
plasticity-related products to express L-LTP/L-LTD. Several models have hypothesized that
STC works through somatically synthesized plasticity-related protein products available to
synapses throughout the neuron, suggesting that, at the single neuronal level, memory
engrams are formed at synapses throughout the dendritic arbor. However, the Clustered
Plasticity Hypothesis suggests that neurons store long-term memory engrams at synapses
that tend to be spatially clustered within dendritic branches, as opposed to dispersed
throughout the dendritic arbor. This hypothesis suggests that the dendritic branch, as
opposed to the synapse, is the primary unit for long-term memory storage. Evidence for
this hypothesis has come from studies of LTP, however, and there is no such data for LTD.
This thesis establishes a single-synapse marker for LTD, namely spine length changes, that
can be used to study the role of LTD and dendritic branch-specific plasticity.
Thesis Supervisor: Susumu Tonegawa
Title: Picower Professor of Biology and Neuroscience
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Chapter 1
Introduction and Background
The remarkable ability of the brain to perceive, process, encode, and access information
involves a vast array of neuronal networks interacting in a wide variety of complex ways.
Certainly, understanding the molecular mechanisms behind these elements is not a trivial
task, and many hypotheses have been postulated to delineate the various aspects of the
brain's function. Fortunately, much progress has been made over the course of the past
thirty years, and the tools of molecular biology combined with great advances in
fluorescent microscopy have allowed us to probe the mechanisms of learning and memory
at the molecular level.
Until the middle of the twentieth century, most brain researchers severely doubted
that mechanisms of learning and memory could be localized to specific regions of the brain.
Indeed, the questions of learning and memory were more philosophic in nature rather than
biological until the significant progress of genetics and molecular biology brought about a
more unified view of the biological world. This progress advanced our understanding of
genes, their expression, and the proteins they encode, allowing for a common conceptual
framework to characterize biological systems. This has led to the ability to examine mental
processes from a biological perspective rather than merely a psychological one, revolution-
izing the field of neurobiology. Rather than simply thinking about the general ability of
animals to learn from their environment and process information, we now can describe
learning and memory entities as a physical functional unit (i.e. the neuronal substrate, or
engram, of memories).
Over a century ago, Ram6n y Cajal first demonstrated that networks of neurons
communicate with one another at specialized junctions termed synapses (Cajal, 1899). It
was later demonstrated the external events manifest themselves in the brain as
spatiotemporal patterns of neural activity, and these patterns have been shown to be the
physical location of synaptic change (Bliss and Collingride, 1993). In the late 1940s, Hebb
and Konorski proposed that the synaptic connection is strengthened when the presynaptic
and postsynaptic neurons are active simultaneously (Hebb, 1949). This rule was
subsequently adapted to delineate that there is a continuum of associative synaptic
changes that are determined by the relationship between the specific level of postsynaptic
depolarization paired with presynaptic activity (Tsien, 2000). In this model, neurons have
the key ability to modify its response to synaptic input in an experience-dependent fashion,
and this ability has been strongly supported by experimental evidence of long-lasting
increases and decreases in synaptic weights, known as long-term potentiation (LTP) and
long-term depression (LTD) respectively (Malenka, 2004). Due to the stable, long-lasting
synaptic modifications that characterize LTP and LTD, these phenomena have become an
archetypical model for elucidating the cellular mechanisms of learning and memory in the
mammalian brain. Govindarajan et al (2010) characterized the effects of LTP on protein
expression by measuring spine volume efficacy at spines expressing LTP, and in this thesis,
we will develop an analogous method to characterize the effects of LTD on protein
expression.
1.1 Long-Term Memory
Modern behavioral and biological studies have demonstrated that learning and memory
are not a single process, but rather include a wide variety of complex molecular, cellular,
and systems processes involving a multitude of regions of the brain. Most generally,
learning involves the processes by which new information in acquired, and memory
involves the processes by which knowledge obtained from such new information is stored
and recalled. Memory can be divided into two general categories that are mechanistically
and regionally distinct from each other: explicit and implicit memory. Explicit memory
involves the conscious, intentional recollection of previous experiences and information,
such as recalling an event in the past. In contrast, implicit memory is a subconscious,
unintentional type of memory in which previous experiences aid in the performance of a
task without conscious awareness of such improvements, such as classical conditioning
and habituation.
Interestingly, explicit and implicit memory seem to involve separate neural circuitry
in the brain (Squire, 1992). Explicit memories depend on temporal lobe and diencephalic
structures, such as the hippocampus, subiculum, and entorhinal cortex, whereas implicit
memories depend on the same sensory, motor, or associational pathways utilized in
learning (Bailey, 1996). However, both types of memory do share some common elements.
Studies of long-term memory for implicit and explicit learning show that both types of
learning involve a cascade of molecular events during consolidation (the initial
establishment of a memory trace after an event) that is very prone to degradation or
cellular interference. In both cases of explicit and implicit long-term memory, the
conversion of a transient short-term form into a stable long-term form requires a complex
cellular program of gene expression and increased protein synthesis (Bailey, 1996). As a
result, the conversion from short-term into long-term memory is thought to be activity-
dependent, and a central hypothesis in characterizing the mechanisms underlying memory
is that information is stored in the brain through changes in synaptic efficacy.
Understanding such activity-dependent changes at the single neuron level is therefore
essential to the understanding of the biological mechanisms involved in long-term memory
at the molecular level.
Long-term changes in synaptic strength are dependent on the frequency of synaptic
stimulation, dictating both the extent and direction of the change in synaptic efficacy
depending on whether the stimulation is of high- or low-frequency (Dudek, 1992).
Generally, high-frequency stimulation leads to long-term potentiation (LTP), and low-
frequency stimulation results in long-term depression (LTD) (Normann, 2000).
Importantly, LTP also correlate with a synaptic change, namely an associated increase in
synaptic spine volume (Govindarajan, 2006). Importantly, both LTP and LTD can be
divided into two phases: a short, protein synthesis-independent early phase (E-LTP and E-
LTD) and a longer lasting, protein synthesis-dependent late phase (L-LTP and L-LTD)
(Davis, 1984). While the molecular steps involved in the induction and expression of LTP
and the molecular steps involved in the induction of LTD have been characterized, the
mechanisms underlying the protein expression involved in LTD and its associated effect on
spine volume efficacy remain largely unknown. For a better framework to conceptualize
LTP and LTD, we will now briefly outline some of the properties of these two phenomena.
1.2 Properties of LTP and LTD
Since the discovery of LTP in the dentate gyrus following stimulation of the perforant path
in the hippocampus (Figure 1-1), controversy has arisen over ubiquity of a common
Figure 1-1. The Hippocampal Network. The hippocampus forms a principally uni-directional network, with
input from the Entorhinal Cortex (EC) that forms connections with the Dentate Gyrus (DG) and CA3
pyramidal neurons via the Perforant Path (PP). CA3 neurons also receive input from the DG via the Mossy
Fibers (MF) to from the Mossy Fiber Pathway. They send axons to CA1 pyramidal cells via the Schaffer
Collateral Pathway (SC), as well as to CA1 cells in the contralateral hippocampus via the Associational
Commisural (AC) Pathway. CA1 neurons also receive inputs direct from the Perforant Path and send axons to
the Subiculum (Sb). These neurons in turn send the main hippocampal output back to the EC, forming a loop.
(Figure adapted from Squire, 1992).
mechanism in the brain, particularly whether it results from modifications at the pre- or
postsynaptic neuron, and more importantly, whether it actually is a true in vitro model for
the cellular mechanism that underlies in vivo information storage (Kirkwood, 1993).
However, it is now generally accepted that LTP and LTD are expressed throughout the
mammalian brain (even though most studies have focused on characterizing LTP and LTD
I  I  I  I - I  .-I .......  ... ... ... . . - . ..............
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in the CA1 region of the hippocampus), and that there are several forms/mechanisms of
LTP and LTD induction and expression (Malenka, 2004).
1.2.1 Long-Term Potentiation
Although it was previously mentioned that there are different forms of LTP, NMDAR- (N-
methyl-D-aspartate receptor) dependent LTP has been studied the most. By definition,
NMDAR-dependent LTP requires synaptic activation of NMDARs during postsynaptic
depolarization, which can be experimentally achieved through one of several induction
protocols (Nicol, 1999). Perhaps the most basic method (Figure 1-2) to induce LTP is
accomplished through delivering a tetanus (a train of 50-100 stimuli at 100 Hertz or more)
to the pathway of interest (Bliss, 1993). This leads to an influx of Ca2 ions through the
NMDAR channel and a subsequent rise in Ca2+, triggering LTP expression (Malenka, 2004).
Figure 1-2. Induction of Long-Term Potentiation.
The bottom graph plots the slope of the rising phase
of the evoked response (population excitatory post-
synaptic potential), recorded from the cell body
region in response to constant test stimuli, for 1
hour before and 3 hour following a tetanus (250
Hertz, 200 ms) delivered at the time indicated by
the arrow. Representative traces before and after
the induction of LTP are illustrated above the
graph. (Figure adapted from Bliss, 1993).
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Although it can take only a few milliseconds to induce, LTP can persist for many
hours in vitro and can last for days to even weeks in vivo (Bliss, 1993). In order to elicit
LTP, presynaptic neurons must be activated and postsynaptic neurons must depolarize
simultaneously (Bear, 1994). LTP is characterized by three basic properties: cooperativity,
associativity, and input-specificity. Cooperativity describes the idea that while weak
stimulation of one set of inputs might not result in LTP induction, the weak stimulation of
several networks of converging inputs might be able to successfully depolarize
postsynaptic neurons to express LTP. Additionally, cooperativity describes an intensity
threshold for the induction of different forms of potentiation whereby the strength and
pattern of tetanic stimulation can convey a difference in the time course of synaptic
modification (Malenka, 1991). Associativity refers to the ability that a "weak" input can be
potentiated if it is active at the same time as a strong tetanus to a separate but convergent
input (Bliss, 1993). The final property, input-specificity, means that only those inputs that
are active at the time of the tetanus are potentiated. Furthermore, if LTP is induced at one
set of two independent inputs, LTP will not spread to synapses made by the second set of
inactive afferent fibers (Kirkwood, 1994).
1.2.2 Long-Term Depression
Long-term depression (LTD) is another form synaptic plasticity that can be induced either
by low-frequency stimulation of presynaptic fibers or in an associative manner by
asynchronous pairing of presynaptic and postsynaptic activity (Normann, 2000). Like LTP,
LTD has also been suggested as a mechanism underlying memory, but the actual
mechanisms leading to the induction and expression of LTD are significantly less clear than
that for LTP. While it appears that LTD, similar to LTP, is expressed throughout the
mammalian brain, most studies focus mainly on LTD in the CA1 region of the hippocampus
(Malenka, 2004), and we will likewise direct our attention to LTD expression in pyramidal
neurons in CA1.
Three broad types of LTD may be distinguished: (1) heterosynaptic LTD, (2)
associative LTD, and (3) homosynaptic LTD (Figure 1-3). In heterosynaptic LTD, tetanic
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Figure 1-3. Conditions for the induction of heterosynaptic and homosynaptic LTD. In the diagram
above, pyramidal neurons in the CA1 region of the hippocampus receive an array of synaptic
inputs. Heterosynaptic LTD can occur at synapses that are inactive during high-frequency
stimulation of a converging synaptic input, while homosynaptic LTD can occur at synapses that
are given low-frequency stimulation.
stimulation of one pathway can potentiate its target cells while also depressing the
synaptic strength of target cells from converging untetanized or weak afferents (Lynch,
1977). Associative LTD can be induced by asynchronous pairing of presynaptic and
postsynaptic activity, which is dependent on the activation of voltage-gated Ca2+ channels
by postsynaptic action potentials (Normann, 2000). Homosynaptic LTD is frequency
........ ... .. ...... .... . 
dependent, and results when presynaptic activation of a pathway by low-frequency
stimulation results in moderate postsynaptic activity, resulting in the depression of
synaptic strength of the stimulated pathway (Dudek, 1992).
In the hippocampus, low-frequency stimulation induces two distinct forms of LTD:
NMDA receptor-dependent LTD and mGluR-dependent (metabotropic glutamate receptor)
LTD (Mulkey, 1992). NMDAR-dependent LTD induced in hippocampal area CA1 by low-
frequency stimulation has been studied most extensively, causing a rise in postsynaptic
intracellular Ca2+ and the activation of a protein phosphatase cascade (Huber, 2001). The
typical protocol for inducing NMDAR-dependent LTD involves prolonged repetitive
synaptic stimulation at 0.5-5 Hertz (Malenka, 2004). Of particular importance, NMDAR
activation of hippocampal neurons has been suggested to lead to regulated protein
degradation, and that LTD, similar to LTP, requires protein synthesis for stable expression
(College, 2003; Kauderer, 2000). However, in distinction to late-phase LTP, only inhibitors
of mRNA translation, but not transcription, impair stable expression of NMDAR-dependent
LTD (Malenka, 2004).
More recently, work has shown that mechanistically distinct types of LTD can also
be induced in CA1 by other types of synaptic stimulation (Huber, 2001). Of particular
interest is mGluR-dependent LTD (independent of NMDARs), which requires rapid
translation of preexisting mRNA (Huber, 2000). mGluR-dependent LTD can be induced
through appropriate synaptic stimulation by paired-pulse (50 milliseconds between
pulses) stimulation repeated at 1 Hertz for 15 minutes of the Schaffer collaterals (Xiao,
2001). Additionally, using a chemical induction protocol with the selective agonist
dihydroxyphenylglycine (DHPG), mGluR-dependent LTD can be induced that reliably
produces protein synthesis-dependent LTD (Huber, 2001). As we will see, utilizing such a
chemical-LTD induction protocol will allow us to make conclusions about the protein
expression and capture mechanisms involved at dendritic spines expressing LTD. As a
summary, Figure 1-4 shows high-frequency stimulation-induced activation of NMDARS to
induce LTP (a) and low-frequency stimulation-induced activation of either NMDAR-
dependent or mGluR-dependent LTD (b).
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Figure 1-4. Induction of LTP and LTD. a I In CA1 pyramidal neurons, high-frequency stimulation can
induce long-term potentiation (LTP), promoting rapid insertion of NR2A-containing NMDARs and an
increase in NMDA field excitatory postsynaptic potentials at CA1 synapses through the protein kinase
C and Src-dependent pathways (Blue and yellow circles, respectively). b I Long-frequency stim-
ulation of Schaffer collaterals in the hippocampus can induce long-term depression that is dependent
on either activation of NMDARs or mGluRs. NMDAR-triggered LTD promotes actin depolymerization
and lateral diffusion of NMDARs away from the synapse site, while mGluR-triggered LTD is
associated with enhanced internalization of NMDARs. (Adapted from Lau, 2007).
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1.3 Thesis Objectives
Although it is known that low-frequency stimulation results in robust changes in synaptic
strength, the actual mechanism of the expression of hippocampal LTD remains largely
unknown. The mGluR-dependent form of LTD is of particular interest because evidence has
shown that it requires rapid translation of preexisting mRNA, implicating that mGluR-LTD
is protein-synthesis dependent (Hubber, 2000). However, currently no evidence exists that
shows the effect mGluR-LTD has on spine volume efficacy. To evaluate this effect, mGluR-
LTD will be activated by the bath application of DHPG and then dendritic spines of CA1
pyramidal neurons expressing the fluorescent protein Dendra will imaged using two-
photon imaging. This assay will provide evidence for how stimulated spines compete
locally for the expression of L-LTD, helping corroborate the Clustered Plasticity Hypothesis
(see Chapter 2) in suggesting that the primary unit for long-term memory storage is the
dendritic branch.
Chapter 2
Plasticity Models of Long-Term Memory Engrams
Changes in synaptic weight are thought to be the cellular foundation for the ability of a
neuron to modify its experience-dependent response to synaptic inputs. As has been well
documented, while short-term memory does not require an enhanced protein synthesis
(translation of mRNAs), long-term memory formation requires such an enhanced protein
synthesis (Govindarajan, 2006). Similarly, while the early forms of LTP and LTD do not
require enhanced protein synthesis, the late forms (L-LTP and L-LTD) require enhanced
protein synthesis and this process is thought to underlie the cellular foundation for long-
term memory engram formation. While transcriptional products are also thought to be
important for the sustenance of some forms of L-LTP and L-LTD, protein products of
enhanced translation are available immediately after the induction of plasticity, and
therefore such translation-dependent, transcription-independent phases of long-term
memory engram formation will only be considered here.
2.1 Synaptic Tag and Capture Model
While LTP is associated with an increase in synaptic weight and LTD is associated with a
decrease in synaptic weight, the induction of both requires upregulated translation (Frey,
1997 and Huber, 2000). Additionally, the induction of both L-LTP and L-LTD seem to rely
on the enhanced synthesis of biochemically similar proteins based on the activation of
mitogen-activated protein kinase (MAPK) and mammalian target of rapamycin (mTOR)
pathways (Figure 2-1). Based on this evidence, it is certainly possible that L-LTP and L-LTD
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Figure 2-1. MAPK and mTOR Biochemical Pathways Required for Neuronal
Activity-Induced Translation. Neuromodulators (dopamine(DA)), glutamate(
Glu) (via both NMDAR and mGluR receptors), and neurotrophins activate the
MAPK pathway, while glumatate and neurotrophins also activate the mTOR
pathway. These pathways subsequently activate translation of most present
mRNAs and other proteins, such as translation factors (elF4E) and small
ribosomal protein 6 (S6). (Adapted from Govindarajan, 2006).
expression require similar proteins. However, synaptic cross-tagging, as first proposed by
Sajikumar and Frey and later expanded by Govindarajan et al., suggests that instead, L-
LTP/L- LTD-inducing stimuli trigger the synthesis of proteins necessary for L-LTP and L-
........... ........ .... .... . . .... .. ........ 
. ..... ..........
LTD expression at the stimulated synapse and at neighboring synapses that receive E-
LTP/E-LTD-inducing stimuli (Govindarajan, 2006).
Steward and colleagues showed that synapses are capable of synthesizing proteins
with the presence of synaptically localized ribosomes, suggesting that activity-induced
translation can occur at or near stimulated synapses (Steward, 1982). This evidence,
combined with evidence that the MAPK and mTOR pathways can be activated
preferentially by L-LTP/L-LTD-inducing stimuli, suggest that local activity-induced
translational upregulation is an integral piece of the synaptic tagging and capture
mechanism. In this model, E-LTP/E-LTD- and L-LTP/L-LTD- inducing stimuli can create a
translation-independent "tag" at the stimulated synapse. Since L-LTP/L-LTD-inducing
stimuli enhance protein synthesis and thus make new proteins available to neighboring
synapses, tagged synapses close to the L-LTP/L-LTD-expressing synapse can also capture
required proteins and thus express L-LTP/L-LTD themselves. In addition, if an E-LTP-
inducing stimulus is applied to one set of synapses before or after an L-LTD-inducing
stimulus is applied to a neighboring set of synapses, L-LTP is expressed at the first set of
synapses, indicating that general enhancement of translation in response to either L-LTP or
L-LTD stimuli provides a molecular mechanism for synaptic tag and capture (Govindarajan,
2006).
Another important aspect of synaptic tag and capture is the spatiotemporal
characteristics. The associativity between stimulated synapses resulting from synaptic tag
and capture occurs on a timescale of approximately a few hours measured in vitro,
indicating that the synthesized proteins as a result of enhanced translation are available to
tagged synapses for roughly the same period. This phenomena, termed capture
associativity (Figure 2-2), contrasts with the properties of electrical associativity, which
relies on membrane and NMDAR properties to associate two synapses activated by the
induction of E-LTP and E-LTD on a timescale of milliseconds (Govindarajan, 2006).
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Figure 2-2. Capture Associativity Model. a I Two LTP stimuli arrive at synapses 1 and 2. The
LTP stimuli is insufficient to induce L-LTP, but instead marks them with potentiation tags
and enhanced translation occurs. b I Enhanced translation results in the production of
proteins required for L-LTP and L-LTD expression (red and green circles, respectively).
These proteins can then be captured by synapses 1 and 2 .c I L-LTP is expressed at synapses
1 and 2. Meanwhile, an E-LTD stimulus insufficient to induce L-LTD expression arrives at
synapse 3 and marks it with a depression tag (green shading). However, this tagged synapse
can capture the proteins required to induce L-LTD expression from the pool of proteins
translated in response to stimuli at synapses 1 and 2. This associativity is referred to as
capture associativity. d I Capture associativity results in the expression of L-LTD at synapse
3. (Adapted from Govindarajan, 2006).
Spatially, capture associativity cannot occur further than approximately 120 jm away from
the site of translation, which is roughly the length of a typical dendritic branch (Bannister,
.............  ...
1995). Additionally, since neither synaptic tagging nor competition during synaptic capture
occurs when inputs reach dendrites not in close proximity to one another, localized capture
associativity is corroborated (Govindarajan, 2006).
2.2 Clustered Plasticity Hypothesis
The induction of enhanced protein synthesis as a result to L-LTP and L-LTD stimuli makes a
diverse set of proteins required for induction of both L-LTP and L-LTD at nearby synapses
possible. Exposure to E-LTP or E-LTD stimuli create either potentiation or depression tags,
respectively, that allow the tagged synapse to capture the necessary proteins required for
the expression of either L-LTP or L-LTD (Figure 2-2c-d). Unstimulated synapses, however,
do not receive such tags, and therefore cannot capture the necessary proteins for L-LTP/L-
LTD expression, causing no change in synaptic weight. Thus, the amount of proteins
captured by a synapse must be dependent on both the strength of the tag and the localized
concentration of proteins required for L-LTP and L-LTD expression (Frey, 1998).
Previous studies have demonstrated that multiple excitatory inputs onto synapses
within a given dendritic branch can summate supralinearly, indicating that there is a strong
spatial dependence on the ability of synapses to capture local proteins required for the
expression of L-LTP and L-LTD. In other words, there is a greater probability of tag
formation at stimulated synapses that are very close to one another within a dendritic
branch, rather than those that are dispersed throughout the dendritic arbor (Govindarajan,
2006). Thus, capture associativity (Figure 2-2) will allow for nearby synapses to convert
the expression of E-LTP and E-LTD into L-LTP and L-LTD, respectively, and these synapses
will be bound with the same information as those tagged with L-LTP and L-LTD-inducing
stimuli. The resulting synaptic weight changes in these synapses, therefore, must comprise
the long-term memory engram.
Following these properties and building upon the original synaptic tag and capture
model posited by Frey and Morris, Govindarajan et al. proposed the Clustered Plasticity
Hypothesis, in which local translational enhancement and synaptic tag and capture
facilitates the formation of long-term memory engrams (Figure 2-3). This model, in
contrast to previous models that suggest that the long-term memory engram is stored
randomly at synapses throughout the dendritic arbor (Figure 2-3a, suggests that dendritic
branches that receive sufficient input to stimulate tag formation and enhanced translation
can allow for neighboring synapses receiving E-LTP/E-LTD to capture proteins necessary
for L-LTP/L-LTD expression (Figure 2-3b).
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Figure 2-3. Dispersed and Clustered Plasticity Models for Long-Term Memory Engram Formation. . Inputs
arrive at four synapses (labeled 1-4) in both the dispersed plasticity and clustered plasticity models A a | E-
LTP- (dashed red arrow), L-LTP (solid red arrow), L-LTD- (solid green arrow) and E-LTD-inducing stimuli
(dashed green arrow) all tag synapses 1-4 respectively. A b I L-LTP and L-LTD-inducing stimuli and synapses
2 and 3 stimulate translation, and these proteins are available to synapses within the respective dendritic
branch (blue). A c I The single tagged synapse on each branch will express L-LTP (2) or L-LTD (4). B a I E-
LTP- (dashed red arrow), L-LTP (solid red arrow), L-LTD- (solid green arrow) and E-LTD-inducing stimuli
(dashed green arrow) all tag synapses 1-4 respectively. B b I L-LTP and L-LTD-inducing stimuli and synapses
2 and 3 stimulate translation, and these proteins are available to synapses within the respective dendritic
branch (blue). B c I Synaptic capture from the pool of translated proteins leads to all four synapses expressing
L-LTP (1 and 2) or L-LTD (3 and 4), favoring long-term memory engram formation at clustered synapses.
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In support of the Clustered Plasticity Hypothesis, Govindarajan et al. demonstrated
that L-LTP induced at some synapses facilitates L-LTP expression at other synapses
receiving weaker E-LTP stimulation. Interestingly, they found that this facilitation's efficacy
decreases with increasing time between stimulations, distance between stimulated spines,
and with the spines dispersed on different dendritic branches. Furthermore, they
demonstrated that stimulated spines compete for L-LTP expression in stimulated closely
temporally. Therefore, these observations support the Clustered Plasticity Hypothesis and
indicate that stable memory engrams are probabilistically favored to occur at synapses
clustered spatially within a dendritic branch rather than dispersed through the entire
neuronal dendritic arbor (Govindarajan, 2010).
To further evaluate the Clustered Plasticity Hypothesis, a study analyzing the link
between the level of E-LTD at a given spine and the strength of its synaptic tag, the spatial
limits over which synaptic tag and capture can occur, and the competition between
stimulated spines over capturing proteins to express L-LTD is required. This requires an
assay to induce L-LTD expression and measure the relationship of spines that actually
participate in synaptic tag and capture, and thus we will develop such an assay that
measures synaptic weight change using two-photon imaging.
Chapter 3
Methods
Analogous to the assay performed by Govindarajan et al. to examine the expression of L-
LTP, we will investigate the effect that expression of mGluR-LTD has on spine volume
efficacy by utilizing two-photon imaging. This assay will provide evidence for how
stimulated spines compete locally for the expression of L-LTD, helping corroborate the
Clustered Plasticity Hypothesis in suggesting that the primary unit for long-term memory
storage is the dendritic branch.
3.1 Hippocampal Slice Culture and Solutions
Hippocampal slice cultures were prepared from postnatal day 7-10 mice. A 30-mm
diameter, sterile, porous, transparent, and low-protein-binding membrane (Millicell-CM,
Millipore) was used as the support for the explant (Stoppini, 1991). 350-micrometer thick
slices were made with a chopper in ice-cold artificial cerebral spine fluid (ACSF, see below)
containing 1 mM MgCl2, 5 mM CaCl 2, and 24 mM sucrose and cultured on Millipore
membranes. The slices were fed with media in an interface configuration using 1 x MEM
(Invitrogen) supplemented with 20% horse serum (Invitrogen), L-glutamine, 27 mM D-
glucose, 6 mM NaHCO 3, 2 mM CaCl2, 2 mM MgSO4, 30 mM HEPES, 1.2% ascorbic acid, 1
tg/mL insulin, pH adjusted to 7.3, and osmolarity adjusted to 300-310 mOsm
(Govindarajan, 2010). Mice were sacrificed according to MIT Committee for Animal Care
guidelines.
Hippocampal slice cultures were subsequently transfected by biolistic gene transfer
with gold beads (10 mg, 1.6 [m diameter, Biorad) coated with Dendra (Evrogen) plasmid
DNA (100 [tg) using a Biorad Helios gene gun 7-10 days after culturing. Experiments were
performed 3-7 days post-transfection at room temperature. During the experiments, slices
were perfused with carbogenated (95% 02, 5% C02), ACSF containing (in mM) 127 NaCl, 25
NaHCO 3, 25 D-glucose, 2.5 KCl, 1 MgCl2, 2 CaCl2, and 1.25 NaH 2PO 4 and TTX (tetrotoxin, 0.5
tM, Sigma), delivered with a peristaltic pump at a rate of 1.5 mL/min. A large stock of (RS)-
3,5-dihydroxyphenylglycine (DHPG) was prepared and aliquoted into 100 RL volumes and
stored at -80'C. Finally, 30 [tL of DHPG was diluted in 3 mL of carbogenated ACSF and
delivered to slices with a peristaltic pump at a rate of 1.5 mL/min for 15 minutes. To
conserve DHPG, the DHPG-ACSF solution was recirculated through the microscope stage
for the 15 minutes.
3.2 Imaging
Two-photon imaging and confocal microscopy were formed using a modified Olympus FV
1000 multiphoton with SIM scanner on a BX61W microscope with two Ti:sapphire lasers
(910 nm for imaging Dendra; MaiTai, Spectra Physics) controlled by Olympus Fluoview
software. The system contains acousto-optical modulators to control the intensity of each
beam. The objective used was a LUMPlanFI/IR 60x 0.9 NA (Olympus). Slices were analyzed
under UV light to select optimal slices with pyramidal CA1 neurons expressing Dendra for
imaging. Imaging was started approximately 1 hour after slice incubation in flowing ACSF
began, with an initial 20 minute baseline scan, followed by 15 minutes of DHPG bath
application, and then by 1-2 hours post-DHPG application of two-photon imaging.
3.3 Data Analysis
Spines were analyzed using a custom written plugin for ImageJ (NIH). Individual region-of-
interests (i.e. individual spines) were registered using TurboReg and stacked in the z-
direction. Then, the length, full width at half maximum (FWHM), and average intensity of
each region-of-interest was measured and tabulated. Initially, following the protocol
utilized by Govindarajan et al., spine volumes were to be calculated based on the volume of
a sphere using the diameter as the FWHM of the spine head, but preliminary analysis
discerned that a measure of spine length was a more accurate representation of the effect
of the application of DHPG had on synaptic weight change.
Chapter 4
Results and Discussion
The primary objective of this assay was to characterize the effects on synaptic weight of
dendritic spines chemically induced to express mGluR-dependent LTD using the agonist
DHPG. Through bath application of DHPG, we utilized two-photon fluorescent microscopy
to image pyramidal CA1 dendritic spines and observed the effects that LTD expression had
on spine volume efficacy.
In selecting a CA1 pyramidal neuron to analyze, it is important to choose a neuron
that is spatially relatively near the surface of the slice culture (restraint of focusing ability
of the two-photon microscope) (Figure 4-1). Once the desired pyramidal neuron has been
Figure 4-1. CA1 Pyramidal Neuron. Choosing an appropriate CA1 pyramidal neuron expressing Dendra is
essential for the experiment.
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chosen, a baseline scan of 20 minutes was imaged before the application of DHPG (Figure
4-2a). After the application of DHPG (lasting 15 minutes; see Chapter 3), the desired
dendritic branch was imaged for 1 hour (Figure 4-2b). Before the experiment, the
Figure 4-2. Two-Photon Imaging of Dendritic Spines Before and After Bath Application of DHPG. a | Image
averaged over 2.25 gm in the z-direction before application of DHPG. For analysis, three spines were
identified, spine 1 (white rectangle), spine 2 (white circle), and spine 3 (black circle). b I Image averaged over
2.25 Rm in the z-direction after application of DHPG.
parameters to be measured included the spine length, mean intensity, and the maximum
intensity (based on the brightness of the voxels in the image) and are tabulated in Table 4-
2. Subsequent analysis of the data shows that there is no reliable relationship between the
intensity of the dendritic spines before versus after bath application of DHPG, and thus will
not be considered further.
Based on Table 4-1, we can classify timepoints 0-20 minutes as "baseline," meaning
before DHGP bath application, and timepoints after 40 minutes as after DHPG bath
application. Thus, we can average these two categories and normalize the after DHPG
application measured spine length to the baseline measured spine length to determine the
effect that DHPG application had on spine length (Figure 4-3). As delineated in the figure,
for each of the three measured spines, the application of DHPG caused a decrease in spine
length.
Table 4-1. Spine Lengths Before and After Bath Application of DHPG.
Timepoint Mean
Spine (minutes) * Spine Length Intensity Max Intensity
1 0 0.898 2391 3694
1 10 0.833 2689 3380
1 20 0.850 2252 2716
1 40 0.740 2388 2823
1 60 0.729 1823 2432
2 0 0.282 2088 2717
2 10 0.302 1270 1670
2 20 0.298 2035 2368
2 40 0.175 1947 2340
2 60 0.151 1409 1688
2 80 0.178 1706 2510
3 0 0.474 2717 3554
3 10 0.468 3098 3659
3 20 0.483 2889 3592
3 40 0.343 2620 3853
3 60 0.382 2820 3391
* Beginning of baseline scan is defined as 0 minutes. Bath application of DHPG begins at
t=20 minutes and ends at t=35 minutes. Spine number defined based on Figure 4-1
[spine 1 (white rectangle), spine 2 (white circle), and spine 3 (black circle)].
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Figure 4-3. Spine Length After Application of DHPG Decreases. For each
dendritic spine as labeled in Figure 4-2, the normalized spine length decreases
significantly (p < 0.05) after the bath application of DHPG.
. ... ..........
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In support of the Clustered Plasticity Hypothesis, Govindarajan et al. demonstrated
that the temporal bidirectionality of L-LTP facilitation is asymmetric, that synaptic tag and
capture is a spatially localized process favoring a dendritic branch (rather than arbor), and
that the proteins resulting from enhanced translation are limiting, creating competition
among stimulated synapses for the expression of L-LTP (Govindarajan, 2010).
Furthermore, they demonstrated that the Clustered Plasticity Hypothesis successfully
predicted that long-term memory engrams tend to be stored at synapses that are clustered
within dendritic branches, rather than dispersed throughout the dendritic arbor
(Govindarajan, 2006). Mechanistically, we have demonstrated in this thesis that the
chemical induction of LTD results in a decrease in spine length, but much remains to be
known how the expression of LTD impacts the capture of proteins by neighboring
stimulated synapses.
Chapter 5
Conclusion
As has been developed, a central hypothesis in characterizing the mechanisms underlying
memory is that information is stored in the brain through changes in synaptic weight.
External events are encoded in the brain as spatiotemporal patterns of neural activity, and
these patterns of activity induce synaptic change. Studies of synapses receiving LTP-
inducing stimuli have shown that these synapses receive tags in a protein-synthesis-
independent manner and translate proteins due to the expression of L-LTP, thus allowing
all tagged synapses to utilize the resulting protein products to express L-LTP. As predicted
by the Clustered Plasticity Hypothesis, this process is biased towards occurring between
spatially clustered synapses rather than those dispersed throughout the dendritic arbor. In
support of this hypothesis, we have demonstrated that the induction of the protein-
synthesis dependent mGluR-LTD results in a characteristic spine length change,
demonstrating that L-LTD is also associated with spine morphology change. This study can
be extended to induction of L-LTD at single spines to examine capture of L-LTD by
neighboring spines. Furthermore, our analysis indicates that neighboring spines are
preferentially more likely to compete for such protein products, restricting the ability of a
long-term memory engram to form at synapses far from the stimulated spines. Therefore,
the Clustered Plasticity Hypothesis leads to an increased efficiency of long-term memory
formation at the single neuron level. Future experiments will be conducted to investigate
the competition for plasticity related proteins that results if LTP and LTD are expressed at
neighboring spines to further support the Clustered Plasticity Hypothesis.
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